Abstract-The electromagnetic characteristics of two-dimensional composite right/left-handed transmission lines (2D CRLH TLs) were investigated for the normal incidence of plane waves. The measured characteristic impedance and reflection phases exhibited resonant high impedance properties (equivalent to zero reflection phase) at a frequency within the left-handed mode for one-dimensional CRLH TL. An equivalent circuit was proposed to explain the measured characteristics. The relationship between the resonant frequency and the circuit parameters for 2D CRLH TLs was clarified by deriving an approximate equation for the resonant frequency.
INTRODUCTION
Metal wires in a three-dimensional cubic lattice and split ring resonators were respectively proposed to achieve negative permittivity and permeability [1, 2] . Left-handed metamaterials with simultaneously negative permittivity and permeability were produced [3, 4] by combining these concepts. However, these metamaterials are bulky three-dimensional structures and disadvantageous in use as microwave components. Thus, a composite right/left-handed transmission line (CRLH TL) was proposed to implement compact metamaterials on printed-circuit boards (PCBs) [5, 6] . Left-handed properties have been developed for electromagnetic waves propagating along one-dimensional (1D) CRLH TLs, and the design guidelines for CRLH TLs have been established on the basis of a simple equivalent circuit [5, 7] . CRLH TLs have been widely used to fabricate microwave components, such as directional couplers and leaky wave antennas [7, 8] . A two-dimensional configuration for the CRLH TLs (2D CRLH TLs) has also been investigated to understand their basic properties [5, 9, 10] .
Another type of metamaterials, which has been widely used for antenna and electromagnetic compatibility (EMC) applications, is a high impedance surface (HIS) that was originally proposed with a so-called "mushroom structure" [11] . When plane waves are incident normally to the surface of the mushroom structure, the reflection phase is zero (high impedance) at the resonant frequency inherent to its structure. The mushroom structure has a frequency bandgap, in which no electromagnetic waves propagate along its surface. For this reason, the mushroom structure is also called an electromagnetic bandgap (EBG) structure. The sonant frequency rests on the EBG region in the mushroom structure, which is very useful as an antenna reflector to enhance antenna gain while preventing surface wave propagation.
The mushroom structure was investigated on the basis of 2D CRLH TL theory by Sanada et al. [9] . 2D CRLH TL theory was also used in the design of EBG-embedded microstrip patch antennas to enhance antenna gain [12] . Few investigations,on the other hand, have been reported on the electromagnetic behaviors of 2D CRLH TLs when plane waves are normally incident to their surfaces. Iwamoto et al. suggested that the mushroom structure was equivalent to 2D CRLH TLs for the normal incident of plane waves [13] . However, the relationship between the reflection characteristics and the circuit parameters in an equivalent circuit of 2D CRLH TLs is still unclear. When 2D CRLH TLs are used as antenna reflectors similarly to those in the EBG structure, the resonant frequency needs to be situated in the bandgap between the left-handed (LH) and right-handed (RH) propagation modes of the 2D CRLH TLs to prevent surface wave propagation. Thus, it is important to clarify the relationship between resonant frequency and the bandgap for 2D CRLH TLs from both fundamental and practical aspects.
We investigated the electromagnetic characteristics of 2D CRLH TLs in this study for the normal incidence of plane waves on the basis of equivalent circuit analysis. Section 2 describes the experimental method, and Section 3 presents the measured and calculated characteristics for 1D and 2D CRLH TLs. Section 4 discusses the relationship between the reflection phase characteristics and circuit parameters for 2D CRLH TLs. Figure 1 (a) is a photograph of part of a fabricated 2D CRLH TL and Figure 1 (b) outlines an equivalent circuit for a 1D CRLH TL. Its substrate was FR4 with a thickness, t, of 1.6 mm and it had a metalized back side (ground plane). The right-handed (RH) components (L R and C R ) were mainly produced by using a microstrip line (MSL). The left-handed (LH) components, L L and C L , were respectively produced by using a metalized via to ground and an interdigitated capacitor. The parasitic inductance in the interdigitated capacitor was added to L R and the parasitic capacitance was added to C R . The component values were calculated with the design equations described in Rahman and Stuchly [14] and Gupta et al. [15] , which are summarized in the Appendix. The MSL width in the design of 2D CRLH TLs was first determined to be 3.2 mm so that the characteristic impedance of the MSL was ∼ 50 Ω. Then, the length of the MSL and the geometry (size and the number of fingers) of the interdigitated capacitor were determined by assuming the diameter of the via hole was 0.3 mm, so that the bandgap between the LH and RH propagation modes in the 1D CRLH TL calculated with the design equations described by Caloz et al. [7] appeared at ∼ 4 GHz to simplify the measurements. The design values of the components were: L R = 4.1 nH, C R = 1.2 pF, L L = 0.77 nH, and C L = 0.5 pF. The fabricated 2D CRLH TLs had 13 × 16 unit cells, where the unit cell length, p, was 12.8 mm. A vector network analyzer (Keysight Technologies, E8361C) and a pair of horn antennas (Schwarzbeck, BBHA9120C) were used to measure the scattering (S) parameters for plane wave incidence. The two-port system was calibrated using the gated reflect line calibration method (Keysight Technologies, 85071E) [16] . The electric field of the incident plane wave was in the x-direction and the wave vector was in the z-direction. The S parameters for a 1D CRLH TL with the same geometry as 2D CRLH TLs were also measured with the vector network analyzer. The methods of extracting the characteristic impedance of the fabricated 2D CRLH TLs and the dispersion characteristics of the fabricated 1D CRLH TL from measured S parameters are summarized in the Appendix.
EXPERIMENTAL METHOD
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MEASURED AND CALCULATED RESULTS
The dispersion characteristics of the fabricated 1D CRLH TL were calculated from the measured S parameters for a 1D CRLH TL with nine cells. The measured and calculated dispersion characteristics are compared in Fig. 2 , where the parameter values used in the calculation were: L R = 3.8 nH, C R = 1.6 pF, L L = 0.77 nH, and C L = 0.5 pF. These values were determined by trial and error to fit the calculations to the measurements. Although L R and C R were slightly different from the designed values, good agreement was obtained between the measured and calculated dispersion characteristics. An LH propagation mode appeared in a frequency range from 2.6 to 3.6 GHz, while an RH propagation mode appeared in a frequency range from 4.7 to 6.7 GHz. Figure 3 plots the imaginary part of measured characteristic impedance and the reflection phase of 2D CRLH TLs when plane waves are incident normally to the surface. Clear resonance was observed at 3.45 GHz, when the high impedance property (zero reflection phase) [11] emerged. Figure 4 . Candidate equivalent circuits of 2D CRLH TLs for plane wave incidence.
Two types of candidate equivalent circuits to explain the measured results are outlined in Fig. 4 . We derived the equivalent circuit in Fig. 4(a) by changing the input and output ports for the 1D CRLH TL in Fig. 1(b) . This equivalent circuit was first examined as to whether it explained the measured results. The characteristic impedance of the equivalent circuit is given by:
The resonant frequencies are calculated as:
The parameter values used in calculating the dispersion characteristics of 1D CRLH TL led to two resonances at 3.1 and 5.3 GHz. However, no resonance was observed at 5.3 GHz (not shown in Fig. 3 ). The characteristic impedance and the resonant frequency for the circuit without the capacitance C R in Fig. 4 (a) are respectively given by:
and
The calculated imaginary part of Z and the reflection phase are plotted in Fig. 5 , where the L R value was changed to 3.5 nH to match the calculated resonant frequency with the one that was measured. The calculated phase transition was steeper than that measured in the experiments. The equivalent circuit outlined in Fig. 4(b) was advanced from the equivalent circuit for high impedance surfaces [17] . The FR4 substrate was modelled by a transmission line with a length of t (= substrate thickness) and characteristic impedance
d , where Z 0 is the characteristic impedance of free space and ε d is the relative permittivity of the substrate). Capacitance C L was the same as the LH capacitance in the equivalent circuit of 1D CRLH TL, while inductance L R differed from the RH inductance, L R . The difference was due to the difference in the direction of the electromagnetic field propagations for the 1D CRLH TL and the plane wave incident to the 2D CRLH TLs. The inductance value of L R was calculated with the design equations for metal strip inductance described in Gupta et al. [15] .
A straight forward calculation led to the characteristic impedance of 2D CRLH TLs given by:
where β is the wave number in the substrate. The calculated imaginary part of Z and reflection phase are plotted in Fig. 5 . The inductance value of L R calculated with the design equations for metal strip inductance described in Gupta et al. [15] was 2.07 nH, which was slightly different from the value of 2.25 nH that was determined to match the calculated resonant frequency with the measured one and used in the calculations in Fig. 5 . Fairly good agreement was obtained between the measured and calculated results. The equivalent circuit in Fig. 4 (b) more clearly explains the measured results than those in Fig. 4(a) .
DISCUSSION
Iwamoto et al. treated a mushroom structure as 2D CRLH TLs and demonstrated that the resonant frequency was close to the Γ (β = 0) point in the dispersion curve for balanced 2D CRLH TLs (without a bandgap between LH and RH modes) [13] . However, the 2D CRLH TLs measured here had a bandgap between LH and RH modes, and the resonant frequency fell within the frequency region of the LH mode of the 1D CRLH TL. The resonant frequency was obtained on the basis of the equivalent circuit by equating the denominator of Eq. (5) to zero. Assuming tan(βt) ∼ βt, the resonant frequency is given by:
where μ 0 is the permeability of a vacuum. The upper bound frequency of the LH mode, f LHu , denoted in Fig. 2 is given by Caloz et al. [7] :
The L R + μ 0 t (= 2.25 + 2.0 nH) was larger than L R (= 3.8 nH) in our case, which resulted in f LHu > f R . These results suggested that the resonant frequency was related to the upper bound frequency of the LH mode through the geometry of the metal strip in the TL. It was difficult to derive a simple expression that was related to these frequencies. The dispersion characteristics for 2D CRLH TLs are different from their 1D counterparts [10] . The LH mode of a 1D CRLH TL in the fast wave region above the air mode (where the phase velocity of the LH mode was larger than the speed of light) was coupled to the air mode for 2D CRLH TLs. Note that the coupling was not included in the present equivalent circuit analysis. In addition, a surface transverse magnetic mode appeared between the bandgap between the LH and RH modes of a 1D CRLH TL, which followed the air mode [10] . The LH mode of the 1D CRLH TL intersected the air mode at 3.22 GHz, which is indicated as f LHa in Fig. 2 . Since the LH mode was coupled to the air mode, the upper bound frequency of the LH mode in the 2D CRLH TLs became lower than the intersection frequency, f LHa . This suggested that the resonant frequency, f R , was situated in the bandgap of the 2D CRLH TLs that were used here. The transverse magnetic (TM) and transverse electric (TE) surface modes for the fabricated 2D CRLH TLs were measured to investigate the effect of the air mode by using small coaxial probes similar to those described in Sievenpiper et al. [11] . The results obtained from measurements are plotted in Fig. 6 . The transmission band from 2.4 to 3.0 GHz was narrower than the frequency region for the LH mode of the 1D CRLH TL, which suggested coupling between the LH and air modes. The transmission at the resonant frequency indicated by the arrow in Fig. 6 was ∼ 15 dB lower than that in the 2.4-3.0 GHz band. This supported the hypothesis that resonant frequency f R was situated in the bandgap of the 2D CRLH TLs used here.
CONCLUSION
We measured the S parameters of the fabricated 2D CRLH TLs for the normal incidence of plane waves. A clear resonance was observed at 3.45 GHz, when a high impedance property (zero reflection phase) emerged. Equivalent circuit analysis matched the measured impedance and reflection phase characteristics. The relationship between the resonant frequency and the circuit parameters for 2D CRLH TLs was clarified by deriving an approximate equation for the resonant frequency. The measured surface-wave transmission characteristics for the 2D CRLH TLs indicated that the resonant frequency was situated in the bandgap of the 2D CRLH TLs. Although the configurations for 2D CRLH TLs were more complicated than the mushroom structure, the flexibility of design for the properties of high impedance surfaces, such as operation frequency, may be expanded by using commercially available chip components for the LH and RH components in 2D CRLH TLs from the simple mushroom structure.
APPENDIX A. DESIGN EQUATIONS FOR CALCULATING COMPONENT VALUES
Capacitance C in an RH TL with a unit length (1 m) are given by Gupta et al. [15] as: 
where W is the width of the TL, t the substrate thickness, ε 0 the permittivity of a vacuum, and effective relative permittivity ε re is given by 
Inductance L in an RH TL with a unit of length (1 m) are given by Gupta et al. [15] as:
where c is the speed of light and C 0 is calculated by replacing ε re with one in (A1). The capacitance in an interdigitated capacitor in a unit of pF is given by Gupta et al. [15] as:
where K is the complete elliptic integral of the first kind, n the number of fingers, l the finger length in units of millimeters, and k is given by: k = tan 2 aπ 4b (A5) with a = w 2 and b = w + s 2 ,
where w and s correspond to the finger width and space. The parasitic inductance and capacitance in the interdigitated capacitor are calculated by using Eqs. (A1)-(A3) by replacing W with w. The w = 0.14 mm and s = 0.28 mm in our CRLH TLs.
